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(54) Abstract Title 

Apparatus and method measures change in position of stage mirror with air turbulence compensation 

(57) An apparatus and method that measures the change in the position of a stage mirror (22) with respect to 
a reference mirror (21) when the stage mirror moves between two positions. Air density is measured at the 
same time as the mirror distance is measured to provide air turbulence compensation. The apparatus (10) 
includes a light source (11) for generating first and second coincident light beams, the first light beam (12) 
having a wavelength and the second light beam (13) having a wavelength X 2 where X t = M X 2 . The first 
lightbeam (12) includes two orthogonally polarised components differing in frequency by a first beat 
frequency, F ref (Xj), and the second light beam (13) includes two orthogonally polarised components differing 
in frequency by a second beat frequency, F ref (\ 7 ), where F ref a 2 ) = M F ref (Xi>, and M is an integer greater than 
1. A polarisation dependant beam splitter (17) directs one of the orthogonally polarised components of each of 
the light beams to the reference mirror (21) and the other of the orthogonally polarised components of each of 
the light beams to the stage mirror (22). The polarisation dependant beam splitter (17) also recombines the 
orthogonally polarised components after they have been reflected by either the reference mirror (21) or the 
stage mirror (22). The light intensities of the recombined light beams are measured in first and second 
detectors (23 and 24). The outputs of these detectors are combined to provide an optical path measurement 
and a correction term that corrects for the density of air along the measurement path, and hence, corrects for 
any air turbulence. 
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APPARATUS FOR MEASURING CHANGE IN POSITION OF STAGE MIRROR 

This invention relates to apparatus for measuring the change in position of a stage 
mirror, for example for a distance measuring interferometer that compensates for the effects 
of atmospheric turbulence on interferometric measurements. 



Interferometers based on laser beams are used to make highly accurate displacement 
measurements, such as required in the control of wafer steppers used in integrated circuit 
(IC) manufacturing. In a distance-measuring laser interferometer, light from a laser source is 
split into two beams. The reference beam is reflected from a stationary reference mirror, 
while the measurement beam is reflected from a moving measurement mirror. The beams are 
recombined at a detector. The optical intensity of the combined beams depends on the 
difference in optical length between the reference and measurement paths. Measurements of 
the bptical path lo an accuracy of a fraction of the wavelength of the laser are routinely 
obtained. 

Distance-measuring interferometers are typically divided into DC and AC 
interferometers. In a DC interferometer, the laser emits a single frequency. Only when the 
measurement mirror is moving is the interference signal time-varying. When the 
measurement mirror.is stationary, the interference signal is a constant. Unfortunately, 
disturbances such as laser power drift and electronic noise can be easily misinterpreted as a 
motion signal, especially when the measurement mirror is stationary. 

In an AC interferometer, the laser emits two optical frequencies with orthogonal 
polarizations. The two optical frequencies differ by a small amount. One of the beams is 
directed along the reference path while the other is directed along the path to be measured. 
The frequencies are separated with a polarization-dependent beam splitter, with one 
frequency going to the reference mirror and the other going to the measurement mirror. When * 
the beams are recombined, a beat frequency at the difference in optical frequencies is created. 
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Measurement systems based on measuring the optical path length at two widely 
separated frequencies are known to the art. For example, Lis (U.S. Patent 5,404,222) 
describes a system in which two lasers are utilized to measure the optical path length at 
different frequencies. The system taught by Lis requires a much more complex optical 
system than that utilized in a conventional AC interferometer. This system requires 3 
wavelengths, and multiple distance measurements to correct for air turbulence. In addition, 
the system has a poor signal-to-noise ratio because it relies on non-resonant second harmonic 
generation to provide the multiple wavelengths. The system also relies on expensive optical 
techniques to generate a correction signal. 

The present invention seeks to provide an improved AC interferometer. 

According to an aspect of the present invention, there is provided apparatus for 
measuring the change in position of a stage mirror with reference to a reference mirror 
when said stage mirror moves between first and second positions, said apparatus 
comprising: a light source for generating first and second coincident light beams, said first 
light beam having a wavelength A., and said second light beam having a wavelength X 2 
where A., = MA^, said first light beam comprising two orthogonally polarized components 
differing in frequency by a first beat frequency, F ref (A,) and said second light beam 
comprising two orthogonally polarized components differing in frequency by a second beat 
frequency, F« f (X 2 ), where F Kf (^) = M F re XA.,), M being an integer greater than 1; a 
polarization dependent beam splitter for directing one of said orthogonally polarized 
components of each of said light beams to said reference mirror and the other of said 
orthogonally polarized components of each of said light beams to said stage mirror and for . 
recombining said orthogonally polarized components after said orthogonally polarized 
components have been reflected by either said reference mirror or said stage mirror; a first 
detector for detecting the intensity of light in said first light beam after said orthogonally 
polarized components of said first light beam have been recombined by said polarization 
dependent beam splitter, said first detector generating a first detector signal having a 
magnitude equal to the light intensity at said first detector, said first detector signal 
oscillating at an instantaneous frequency of F,(t); a second detector for detecting the 
m intensity of light in said second light beam after said orthogonally polarized components of 
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second light beam after said orthogonally polarized components of said second light beam 
have been recombined, generating a second detector signal having a magnitude equal to 
light intensity, said second detector signal oscillating at an instantaneous frequency of F 2 (t); 
generating a reference signal that oscillates at said second beat frequency; measuring the 
difference in the number of oscillations of said second detector signal and said reference 
signal during the period in which said stage mirror moves from said first position to said 
second position and for generating an optical path signal indicative of said difference; and 
measuring the number of oscillations in a signal comprising MF,(t)-F 2 (t) during the period 
in which said stage mirror moves from said first position to said second position and 
generating a correction signal indicative of said measured number of oscillations. 

The present invention can provide an interferometer that automatically compensates 
for turbulence along the measured optical path; and/or an interferometer that is less complex 
than prior art interferometers that compensate for turbulence. 

The preferred embodiment provides apparatus for measuring the change in position 
of a stage mirror with reference to a reference mirror when the stage mirror moves between 
first and second positions. The apparatus includes a light source for generating first and 
second coincident light beams, the first light beam having a wavelength X, and the second 
light beam having a wavelength ^ where X, = M^. The first light beam includes two 
orthogonally polarized components differing in frequency by a first beat frequency, F ref (Xi), 
and the second light beam includes two orthogonally polarized components differing in 
frequency by a 
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two separate beams to simplify the drawing, however, it is to be understood that the two 
beams are coincident in space. The beam at X\ is shown at 12 and the beam at X 2 is shown at 
13. Each beam is composed of the two orthogonally polarized components that differ in 
frequency by 5-10 MHz. The optimal frequency difference is determined by the maximum 
speed at which the stage travels. A laser having the required properties is described in U.S. 
Patent 5,732,095, which is hereby incorporated by reference. 

Each beam is split by polarization beam splitter 17 such that one component is 
directed to reference mirror 21 and the other component is directed to stage mirror 22. A 
quarter wave plate 14 provides a 90 ° rotation of the polarization of the components that are 
reflected from reference mirror. Hence, on returning to beam splitter 17, these components 
pass tlirough the beam splitter and reach detectors 23 arid 24 via polarization analyzer 25. 
Analyzer 25 generates a beat signal from the orthogonally polarized beams coming from the 
reference and measurement mirrors. It is oriented at 45° to the polarization directions of 
these beams. Similarly, a quarter wave plate 15 provides a 90 9 rotation of the polarization of 
the components that pass through beam splitter 17 and are reflected from stage mirror 22. 
Hence, on returning to beam splitter 17, these components are also reflected into detectors 23 
and 24. Detector 23 has an appropriate filter to limit its detection to the light in the 
frequencies in beam 12, and detector 24 has a filter to limit its detection to the light of the 
frequencies in beam 13. 

A third detector 27 and a second analyzer 28 generate a reference signal from the 
output of light source 1 1 at X 2 - A non-polarizing beam splitter 16 is used to divert a portion 
of the laser output to detector 27 which has a filter that blocks light of wavelength X\. 

For the purposes of this discussion, it will be assumed that the two components of the 
beam having wavelength A., differ by 10 MHz and that M=2, i.e., Xj = 2X 2 . Hence, the output 
of detector 27 will have a beat frequency of 10 MHz and is determined solely by the splitting 
in the laser line. The beat frequency generated by detector 24 will be Doppler shifted relative 
to this reference frequency by an amount that depends on the speed at which the stage is 
traveling. 
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where 

n(X,)-l (3) 

for i=l 2 Here, p is the density of air. It should be noted that the Eq. (2) does not depend on 
p; hence, the distance computed from Eq. (2) is corrected for any turbulence. 

For AC interferometric measurements, the optical path length is related to the 
fluency difference of the two polarized states at the beam frequency Doppler sh.ned by the 
instantaneous stage speed at time. In particular, 



P A8 (X)=^f[^(0-F ref (X)]dt 



(4) 



where, Fx(t) is the beat frequency measured at time, t, by the detector tuned to detect 
wavelength X, and F rc i(X) is the reference beat frequency at wavelength X, i.e., the beat 
frequency when the stage is not moving. As noted above, X|=2X2 and F r cK^2) = 2F rC f(^i)- 
Hence, 

PAu(^.)-PAD(S) = ^ft2Fx,(0-F Xl (t)]dt (5) 

It should be noted that the integral is merely the count accumulated by a counter whose input 
is the difference between twice the lower beat frequency and the higher beat frequency during 
the time the stage moves from position A to position B. In the preferred embodiment of the 
present invention, this difference is generated using a frequency doubling circuit 34 to double 
the beat frequency from detector 23 and a mixer 32 to form the difference of the doubled beat 
frequency and the beat frequency measured by detector 24. The resultant difference signal is 
integrated by correction generator 33, which also multiplies the correction by 

r = -^— (6) 

The optical path at X 2 is generated by circuit 31 which accumulates the difference 
between the beat frequency from detector 24 and the reference frequency from detector 27 
during the period in which the stage moves from position A to position B. The accumulated 
difference is multiplied by X 2 /4n to generate the optical path measurement, Pab(X2). 
Subtractor 34 provides the corrected distance measurement by computing the difference 
between- the optical path measurement and the correction term. 

The above-described embodiments " utilize two beams 

that differ in frequency by a factor of two. However, it will be obvious to those skilled in the 
art from the preceding discussion that they may be practiced with two beams 

that differ in frequency by any integer factor. 



The above-described embodiments also utilize specific 

circuitry for computing the difference of the beat frequencies. However, it will be obvious to 
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those skilled in the art from the preceding discussion that other circuits could be utilized. 
For example, the individual beat frequencies can be separately integrated over the 
movement of the stage and the correction term determined from the accumulated 
differences. 

The disclosures in United States patent application number 09/227,998, from which 
this application claims priority, and in the abstract accompanying this application are 
incorporated herein by reference. 
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CLAIMS 



1 . Apparatus for measuring the change in position of a stage mirror with reference to a 
reference mirror when said stage mirror moves between first and second positions, said 
apparatus comprising: a light source for generating first and second coincident light beams, 
said first light beam having a wavelength X x and said second light beam having a wavelength 
X 2 where A,, = M\ 2 , said first light beam comprising two orthogonally polarized 
components differing in frequency by a first beat frequency, F rcf (X,) and said second light 
beam comprising two orthogonally polarized components differing in frequency by a second 
beat frequency, F,,^), where F^XJ = M F,^,), M being an integer greater than 1; a 
polarization dependent beam splitter for directing one of said orthogonally polarized 
components of each of said light beams to said reference mirror and the other of said 
orthogonally polarized components of each of said light beams to said stage mirror and for 
recombining said orthogonally polarized components after said orthogonally polarized 
components have been reflected by either said reference mirror or said stage mirror; a first 
detector for detecting the intensity of light in said first light beam after said orthogonally 
polarized components of said first light beam have been recombined by said polarization 
dependent beam splitter, said first detector generating a first detector signal having a 
magnitude equal to the light intensity at said first detector, said first detector signal 
oscillating at an instantaneous frequency of F,(t); a second detector for detecting the 
intensity of light in said second light beam after said orthogonally polarized components of 
said second light beam have been recombined by said polarization dependent beam splitter, 
said second detector generating a second detector signal having a magnitude equal to the 
light intensity at said second detector, said second detector signal oscillating at an 
instantaneous frequency of F 2 (t); a reference signal generator for generating a reference 
signal that oscillates at said second beat frequency; an optical path measurement circuit for 
measuring the difference in the number of oscillations of said second detector signal and 
said reference signal generator during the period in which said stage mirror moves from 
said first position to said second position and for generating an optical path signal indicative 
of said difference; and a correction term circuit for measuring the number of oscillations in 
a signal comprising MF,(t)-F 2 (t) during the period in which said stage mirror moves from 
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said first position to said second position and generating a correction signal indicative of 
said measured number of oscillations. 

2. Apparatus as in claim 1 , comprising a circuit for forming a linear weighted 
difference of said optical path signal and said correction signal. 

3. Apparatus as in claim 1 or 2, wherein said correction term circuit comprises a 
frequency multiplying circuit for generating a signal having M times the frequency of said 
first detector signal and a mixer for subtracting said generated signal from said second 
detector signal . 

4. Apparatus as in claim 1, 2 or 3, wherein M=2. 

5. Apparatus as in any preceding claim, wherein said reference signal generator 
comprises a beam splitter for directing a portion of said second light beam onto a light 
detector operable to generate said reference signal. 

6. A method of measuring the change in position of a stage mirror with reference to a 
reference mirror when said stage mirror moves between first and second positions, said 
method comprising: generating first and second coincident light beams, said first light beam 
having a wavelength X, and said second light beam having a wavelength A, where X, = 
MX 2 , said first light beam comprising two orthogonally polarized components differing in 
frequency by a first beat frequency, F^X.) and said second light beam comprising two 
orthogonally polarized components differing in frequency by a second beat frequency, 
F^), where F ref (?U) = M F^X,), M being an integer greater than 1; directing one of said 
orthogonally polarized components of each of said light beams to said reference mirror and 
the other of said orthogonally polarized components of each of said light beams to said stage 
mirror and for recombining said orthogonally polarized components after said orthogonally 
polarized components have been reflected by either said reference mirror or said stage 
mirror; detecting the intensity of light in said first light beam after said orthogonally 
polarized components of said first light beam have been recombined, generating a first 



13 

detector signal having a magnitude equal to the light intensity at said first detector, said first 
detector signal oscillating at an instantaneous frequency of F,(t); detecting the intensity of 
light in said second light beam after said orthogonally polarized components of said second 
light beam have been recombined, generating a second detector signal having a magnitude 
equal to light intensity, said second detector signal oscillating at an instantaneous frequency 
of F 2 (t); generating a reference signal that oscillates at said second beat frequency; 
measuring the difference in the number of oscillations of said second detector signal and 
said reference signal during the period in which said stage mirror moves from said first 
position to said second position and for generating an optical path signal indicative of said 
difference; and measuring the number of oscillations in a signal comprising MF,(t)-F 2 (t) 
during the period in which said stage mirror moves from said first position to said second 
position and generating a correction signal indicative of said measured number of 
oscillations. 

7. A method as in claim 6, comprising a linear weighted difference of said optical path 
signal and said correction signal. 

8. A method as in claim 6 or 7, comprising generating a signal having M times the 
frequency of said first detector signal and subtracting said generated signal from said second 
detector signal. 

9. A method as in claim 6, 7 or 8, wherein M=2. 

10. A method as in any one of claims 6 to 9, comprising directing a portion of said 
second light beam onto a light detector operable to generate said reference signal. 

1 1 . Apparatus for measuring the change in position of a stage mirror substantially as 
hereinbefore described with reference to and as illustrated in the accompanying drawing. 



12. A method of measuring the change in position of a stage mirror substantially as 
hereinbefore described with reference to and as illustrated in the accompanying drawing. 
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